The purpose of this study was to investigate how fast three-dimensional (3D) M R image quality is affected by breath-holding and to develop an optimal breath-holding strategy that minimizes artifact in the event of an incomplete breath-hold. A computer model was developed to study variable-duration breath-holds during fast 3D imaging. Modeling was validated by 3D gradient-echo imaging performed on 10 volunteers. Signalto-noise ratio (SNR) and image blur were measured for both simulated and clinical images. Insights gained were applied to clinical 3D gadolinium-enhanced MR angiography. Breath-holding signficantly improved abdominal 3D MR image quality. Most of this benefit could be achieved with a breath-hold fraction of 50% if it occurred during acquisition of central k space.
AS MRI BECOMES increasingly faster, a growing number of examinations can be performed during breath-holding. This is particularly important for fast three-dimensional (3D) gradient-echo applications such as gadolinium-enhanced MR angiography (Gd-MRA). In the abdomen and thorax, breath-holding significantly decreases motion-related artifacts such as blurring and ghosting (1) (2) (3) (4) (5) . Frequently, however, patients are unable or unwilling to cooperate with breathing instructions completeIy. Under these circumstances, breath-holding is not always maintained for the full scan duration. We term this "partial" breath-holding, and it leads to a variable degree of image degradation.
In this study (mainly targeting dynamic imaging using fast volume acquisition techniques), we begin with the commonly accepted premise that partial breath-holding is more effective if it occurs during acquisition of the central portion of k space (low spatial frequencies). We then hypothesize that a partial breath-hold period exists for which image degradation is acceptable, thus no longer constraining scan time to the maximal breath-hold duration. Using computer modeling and imaging of normal volunteers, we test this hypothesis by evaluating the degree of image degradation that occurs for different breath-hold fractions.
METHODS

Computer Modeling
Periodic respiratory motion causes a modulation in the phase-encoding data, which in turn leads to ghosting, blurring, and signal intensity loss f1,6). For two-dimensional (2D) imaging, the ghosting artifacts are most pronounced in the phase-encoding direction (y), but it should also be noted that view-to-view displacement in the readout direction (4 causes readout direction artifacts as well. For 3D imaging, ghosting artifacts mainly occur in both phase-encoding directions (y and 2). If the respiratory period is significantly longer than the duration of the fast phase-encoding loop (z), the z direction phase inconsistencies [and hence artifacts) are much less pronounced than those in the y direction and mainly consist of blurring. This is the case for a typical fast 3D sequence (as used in Gd-MRA), in which approximately 32
slices are acquired at a TR of less than 8 msec for a fast encoding duration less than 260 msec. This is indeed short compared with a n average respiratory period. By a.
b.
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f. contrast, the slow phase encoding occurs over the entire scan duration, which, in this example, is approximately 33 seconds (for 128 phase encodings).
To evaluate the effects of respiratory motion and breath-holding on image quality, a 2D computer model was developed to simulate the artifacts generated by a fast 3D sequence. In this model, no motion was assumed in the fast encoding direction (2) . This simplification is justified, as it is predominately the larger magnitude, slow encoding (y) direction artifacts that are of interest. Because there is no motion in the z (fast encoding) direction, there is no motion-induced phase shift in z, and therefore, the one-dimensional (1D) transform in z is not corrupted, even with motion in x and y. Under these circumstances, the 3D situation can be modeled in two dimensions by scaling the time between successive changes in the slow phase-encoding index (k,) from TR to TR*ZRES, where ZRES is the number of phase encodings in z. Thus, for a given &, the appropriate position-dependent phase shift is applied to each element k, of the Fourier transform of the "actual" simulated image. As k, is incremented, a new phase shift based on the position at time TR*ZRES later is applied to each element of kx, etc. For k, values in which breath holding is implemented, the phase shift is constant. The sequence used a "centric" acquisition scheme in k,,, whereby the lowest frequency component (center) of k space is obtained first, followed by alternating positive and negative higher and higher spatial frequency components (7, 8) .
This model was implemented (MATLAB, Mathworks, Inc., Natick, MA) with a simulated 192 X 192 MR angiography (MRA) image that included three "vessels" measuring 3, 6, and 12 pixels in diameter (6.25, 12.5, and 25 mm for a 40-cm field of view [FOV] ). Simulated motion (at a rate of 15-21 cycles/min, amplitude 4 pixels, repeating Gaussian waveform to more realistically simulate real breathing, ie, displacement = 4e-t2/2nZ where u = .5 second) was then added in the phase-encoding (y) direction to simulate respiration. The 4-pixel amplitude was chosen based on the results of the human volunteer studies (see below). Modeled parameters were kept identical to the clinical parameters (TR = 7 msec, 32 slices, 192 phase encodings, one excitation). Breath-hold duration (at full inspiration) was incremented by 5% steps, both at the beginning and the end of a modeled centric acquisition. We hereafter refer to these breath-holds as "central" and "peripheral," reflecting the region of k space over which the breath-hold occurs. Gaussian random noise was added to the simulated k-space data such that the motionless signalto-noise ratio (SNR) in the reconstructed motionless images was comparable to that of the clinical images (SNR approximately 48). SNR and blur were measured and then averaged for three simulations at different respiratory rates. Figure 1 demonstrates an example of computer-modeled images.
Human Subjects
Ten healthy volunteers were enrolled in this study over a 1 -month period using the informed consent process under the supervision of the Institutional Review Board. Each volunteer was given general instructions in the different breathing regimens (see below) before the study and specific instructions before each image acquisition. A 60-ml syringe (25-mm diameter) filled with a 2.9-mmol solution of gadopentetate dimeglumine (T1 -75 msec) was taped to each subject's abdomen to simulate a n enhanced vascular structure undergoing respiratory motion. The subjects consisted of 9 men and 1 woman, ranging in age from 25 to 39 years.
Imaging
All imaging was performed on a 1. This sequence was run 15 times on each volunteer in the following order: 1) 100V0 breath-hold, 2) normal breathing, 3) heavy breathing, 4) 100% breath-hold, 5) 80% central breath-hold, 6) 65% central breath-hold, 7) 50% central breath-hold, 8) 35% central breath-hold, 9) 20% central breath-hold, 10) 75940 peripheral breathhold, 11) 50% peripheral breath-hold, 12) 25% peripheral breath-hold, 13) normal breathing, 14) breath-hold expiration, and 15) 100% breath-hold. The 100% breathholds and normal breathing were obtained at multiple times to assess consistency and decrease the effects of any inadvertent motion during the breath-holds. Adequate resting time (approximately 30 seconds) was given between runs, and compliance with breathing instructions was closely monitored by a radiologist (J.H.M.) in the scanner room watching both the subject's chest motion and the output from a respiratory bellows system. Breath-hold times were communicated to the subject by means of prearranged shaking of the subject's foot when respiration was to begin or halt. This protocol was not difficult for any of the healthy volunteers. Note that because of the study design, some central and peripheral breath-holds were not of the exact same duration (80% vs 75% and 20% vs 25%). This was performed to increase the number of central breath-hold data points, which we believed was the more important technique. Example images are shown in Figure 2 .
Image Analysis
For each subject, different sagittal slice locations were chosen to include cross-sections through the gadolinium (Gd] phantom, the inferior perirenal fat, and the liver. Using region-of-interest (ROI) analysis, the mean signal intensity was measured for each of these structures in each breathing experiment. Similarly, the mean of each of the three simulated tubes was measured. The SNR was then calculated by dividing the mean intensity of each structure by the SD of a relatively large adjacent region of air (same level in the phase direction). Because only noise should be present in air, it is not necessary to correct for a Rician noise distribution, as the Rcian and Gaussian distributions differ only by a constant, and we are only concerned with relative SNR (9). SNRs were normalized to a 40-cm FOV ( S N k , = 402/FOV2 * SNR) and averaged for all 10 subjects.
Line profiles perpendicular to the long axis of the phantom were obtained for both human and simulated images. Partial volume effects were minimized by choosing a sagittal slice centered directly through the phantom and trying to position the phantom on the abdomen with minimal inclination. The degree of blurring was then calculated by evaluating the upslope of the line profile (transition from air to phantom). Blur data are reported as the distance (mm) spanning 20% to 80% of average maximum phantom intensity; the minimum blur was defined as the width of one pixel. Linear interpolation was used to estimate the 20% to 80% transition width.
Contamination, which we define as the change in variance (power) within a n ROI due to superimposed respiratory artifacts, was measured in the psoas muscle. Psoas was chosen because it is nearly stationary, and a n ROI could be chosen at the same level (in both the slice and phase directions) as the high signal intensity phantom, thus accentuating the "splattered' respiratory artifacts propagating in the phase-encoding direction (see Fig. 2 ). Using the signal variance (square of the SD) of the breath-hold as a baseline, the increase in variance was measured versus early breath-hold fraction.
Statistical Analysis
Using a paired two-tailed Student t test, statistical analysis was performed on the human subject SNR and blur measurements to (a) evaluate the statistical significance of the differences between central and peripheral breath-holding, (b) determine the statistical significance of partial breath-holding versus free breathing, and (c] determine the level of significance in differences between complete and partial breath-holding.
Patient Studies
Examples from three different patients undergoing Gd-MRA are presented. Representative maximum intensity projection (MIP) images were obtained from the arterial phase of fast 3D spoiled gradient-refocused angiograms of the renal arteries for each patient (Figs. 3a through 3c). All patients received a bolus administration of 40 ml of gadopentetate dimeglumine and were asked to suspend respiration at the start of scanning. Data acquisition was centric, with TR = 5.2 to 7.2 msec, TE = 1.2 to 1.3 msec, number slices = 32 to 44, slice thickness = 2.5 mm, and total acquisition time = 28 to 39 seconds. One patient was unable to stop breathing (0% breathhold) and a second patient was only able to breath-hold for 16 of 28 seconds (57% breath-hold), whereas the final patient completed a full breath-hold (100% breath-hold).
RESULTS
Computer Modeling
Simulated partial breath-hold images are shown in Fig 
b.
C. ngure 3. MIP images from renal 3D Gd-MRA images of three different patients using different breathing algorithms: [a) free breathing, (b) 57% breath-hold during central k-space acquisition, (c) 100% breath-hold. Note that whereas the 57% breath-hold does have a perceptibly decreased SMR compared with a 100% breath-hold, the renal arteries and their branches remain quite sharp. In contrast, the free-breathing study is nondiagnostic.
breath-holding occurs relative to k-space acquisition (Figs. l b and lc) . As anticipated, the amount of ghosting, blurring, and general image degradation is significantly less for a partial breath-hold occurring during acquisition of the central portion of k space (Fig. 4) . As can be seen, there is a n immediate, abrupt drop-off in SNR for peripheral breath-holding. For breath-hold fractions of less than 70% to 80%, these data show no benefit over free breathing. Central breath-holding, on the other hand, demonstrates a more gradual decline in SNR, with the large tube having a 22% decrease in SNR for a 65% breath-hold and a 28% SNR loss for a 50% breath-hold.
Examining modeled blur (Fig. 51 , blur values remain at or below the 1-pixel threshold (2.1 mm for a 40-cm FOVl for central breath-holds down to 50%. Peripheral breath-holding data are not plotted, because blur rapidly increased with decreased breath-holding. For central breath-holds of less than 30%, some interesting effects are seen. Blur rapidly increases to a maximum at a 1OYo to 20% breath-hold (depending on phantom size), followed by decreased blur as breath holding approaches 0%. This seemingly paradoxic effect can be explained by the model. As would occur in a patient, breath-holding is modeled as full inspiration (maximum pixel displacement) followed by cyclical respiration after the breathhold period ends. The cyclic respiration (modeled as a repeating Gaussian rather than a sinusoid -see Methods section) is such that the average position is much closer to zero than to maximum displacement. Therefore, for short (10%20%) breath-holds, the central-most aspect of k space (during the breath-hold) is acquired with a constant maximum displacement, and the remainder (which still includes a region quite central in k space) has a cyclic phase shift that averages closer to zero. The net result of this discontinuity in phase shifts causes a more continuous distribution of the ghosting artifacts (compare Figs. l e and 10, resulting in a larger amount of blurring than in the free-breathing case. This effect is not seen if the breath-hold is modeled as full expiration followed by the same cyclic respiratory motion, because in this case, the difference between the average displacement during respiration and the displacement during central k-space acquisition is not as great.
The computer model also allows us to examine the effects of partial breath-holding on different-sized objects (Fig. 4) . Note that the smallest phantom (6.25 mm) has decreased SNR compared with the larger phantoms (12.5 and 25 mm) at almost all breath-hold fractions but is most notably degraded for breath-holding less than 40%. This effect can be best explained by the fact that smaller objects have a relatively greater high spatial frequency content. This means that small objects are most perturbed by the respiratory-induced phase shifts that occur at smaller breath-hold fractions. Figure 4 demonstrates another characteristic related to object size. Note that the "ripple" superimposed on the central breath-hold SNR measurements is inversely proportional to the vessel size. We believe that this effect occurs due to differences in k-space representation for the three objects. Because these simulated objects are essentially rect functions, their Fourier transform is a sinc function. The wider the object, the narrower the sinc function. Because of the way the model is implemented, individual respiratory excursions "propagate" through the collection of the peaks and nulls of the sinc function as the breath-hold fraction changes. Because perturbations occurring in the high signal portions of k space (peaks) have greater effect than those occurring in the lower signal portions of k space (nulls), a large object with a narrow Fourier representation (peaks and nulls of the sinc closer together) would be expected to have a higher frequency of "variability" in artifact than a small object with a broad Fourier representation. This is precisely what is seen in Figure 4 . This observation is important, at least in theory, because it demonstrates the effects of a certain "randomness" in how the phase of respiratory motion happens to relate to the energy content of k space. Note, for instance, that in Figure 4 the SNR for the 25-mm object at a central breath-hold of 65% is actually better than for a breath-hold of 75%.
Human Imaging
As anticipated and predicted by the modeling study, respiratory artifact is dramatically less for partial breath-holds occurring in the central portion of k space (Figs. 2, 6, and 7) . This is shown statistically in rows 1 through 3 of Table 1 . There is, however, a statistically significant improvement in SNR for a mere 20% central breath-hold (Table 1, holding revealed high statistical significance at the first increment (difference between 100% and 80% breathhold) for the phantom (Table 1 , rows 6 through 9). Fat and liver SNR were not significantly different from a complete breath-hold until a 35% breath-hold fraction (although the significance for liver was marginal at 80%). Interestingly, central breath-hold phantom blur was not significantly different from a complete breath-hold until a fraction of 50%.
Therefore, although SNR for central breath-holding decreases in a statistically significant fashion as breathhold fraction decreases (Fig. 6 ), edge blur remains relatively constant down to an approximately 50% central breath-hold [ Fig. 7) . From examining partial breath-hold images (Fig. 2) , the loss in SNR seems to be mainly due to low amplitude, high frequency ghosting in the phase direction emanating from abrupt interfaces (ie, air-phantom). Examining Figure 6 , there is the suggestion that SNR drops off more rapidly for central breath-holds less than 50% than it does for breath-holds greater than 50%. This is corroborated in the simulation images [ Fig. 4 ). For the phantom, SNR loss for 50% central breath-holding is only 2 1%. For liver and fat, it is 6% and 11%. For a 65% breath-hold, these numbers drop to only 13%, 6%, and 6%, respectively. This means the SNR penalty for breath-holds of at least 50% is not too severe if the breath-holding occurs in the central portion of k space.
Comparing the central breath-hold images with the free breathing or peripheral breath-hold images, internal structure remains well defined despite the decrease in SNR, at least down to an approximately 50% breath-hold (Fig. 2) . This is due to the relative plateau in edge blurring for early breath-holds of greater than 50%, as seen in Figure 7 . Average blur only increases from 2.2 to 3.3 mm for a 50% breath-hold and to 2.5 mm for a 65% breathhold. Therefore, only minimal loss of sharpness occurs for early partial breath-holds of 50% or greater.
Using a slightly different approach to evaluating image degradation, contamination can be defined for a given ROI as the increase in variance (square of the SD) due to motion. Contamination differs from SNR in that it reflects the change in pixel-to-pixel variability of a homogeneous structure [in this case, psoas muscle) caused by respiratory-induced artifacts without considering the mean signal of the ROI, which may itself be altered due to these artifacts. For the psoas muscle, contamination increased by 172% between a full breath-hold and full breathing. For 80%, 65%, and 50% central breath-holds, contamination values were approximately 3%, 17%, and 50%, respectively.
Modeled Versus Human Data
The human subject results are predicted by the computer model, as agreement between subject and modeled data is quite good, thus validating our computer model as a method of evaluating the effects of partial breath-holding (Figs. 6 and 7) . This is especially true, considering the large amount of subject-to-subject variation in respiratory rate and amplitude, which makes precise modeling of the human data diffcult. Because we measured an average phantom displacement [full inspiration/expiration) of 1.95 + .75 cm (AP) and .60 + .4 cm (SI) in our human volunteers, a value of approximately half of the AP excursion seemed appropriate considering the subjects were not breathing with maximal respiratory excursion. Therefore, for the modeling study, we chose a 4-pixel respiratory excursion, which for an FOV of 40 cm with 192 phase encodings, corresponds to an excursion of 8.3 mm. Gd-MRA The insights gained through the simulation and volunteer patient images were applied to clinical Gd-MRA. Figures 3a through 3c demonstrates representative MIPS from three different patients who underwent routine renal Gd-MRA to rule out renal artery stenosis. In Figure  3a , in which the patient breathed freely, there is severe blurring and ghosting of the vasculature, with poor visualization of the renal arteries much beyond their origin. This study was deemed of inadequate quality for diagnostic purposes. Compare this to Figures 3b and 3c , which are similar studies, only with 57% and 100% breath-holds, respectively. Both were deemed adequate for clinical diagnosis. Note the definition of the distal renal arteries and proximal renal artery branches in both studies, without appreciable blurring. The only perceptible differences between the 100% breath-hold (Fig. 3c) and the 57% breath-hold (Fig. 3b) are a loss in definition of the tiny distal vessels and a mild increase in background noise for the 57% breath-hold.
Application to
DISCUSSION
Rapid MRI of the abdomen and chest is increasingly performed during suspension of respiration to eliminate Figure 6 . Averaged data for 10 human subjects showing SNR versus central breath-hold fraction for phantom, infrarenal perinephric fat, and liver (imaging parameters are the same as in Figure 2 ). Superimposed modeled data for a large (25-mm) "vessel." respiratory motion artifacts ( 10-14). Many patients, however, are not able to suspend breathing for the entire scan duration. Although many non-breath-hold techniques have been described to decrease respiratory artifacts, and many are used routinely, none are as effective as complete cessation of respiratory motion (1, 3, 6, 15, 16) . When breath-holding fails, it is sometimes possible to repeat the study with a non-breath-hold technique. But breath-holding increasingly coincides with events that are difficult to repeat, such as a dynamic Gd bolus. In these instances, designing a scanning/breath-holding strategy that still works in the event of partial breathholding is essential.
Optimum Breath-Holding Strategy
These computer simulation and imaging experiments in 10 subjects, as well as the clinical 3D Gd-MRA example, demonstrate that most benefit from breath-holding can be achieved by suspending respiration during central k-space acquisition. This is understandable considering that the central portion of k space contains the most signal energy and contributes most to gross image contrast (17). Breathing during this critical central portion of k space (Figs. lc, lf, and 3a) has devastating consequences on image quality such that no significant improvement in SNR or image blur is seen between free breathing and as much as a 75% peripheral breath-hold (Table 1) . Therefore, imaging strategies in which respiratory motion may occur during acquisition of central k space must be avoided. By way of comparison, central breath-holds of 50% or more lead to only a mild reduction in SNR (on the order of 20% or less). Perhaps even more importantly, corresponding image blur increases only slightly over this breath-holding range (approximately 1 mm or less).
Although a full breath-hold is always preferred, partial breath-hold imaging may be unavoidable in many cases, as a-priori estimation of a patient's breath-hold capacity is dimcult. Under circumstances in which image sharpness is of paramount importance (such as MRA), partial breath-holding may be the best that can be achieved, particularly if constrained by imager speed limitations and slice coverage/resolution requirements. Alternatively, one may question the consequences of intentionally pushing a patient beyond his breath-hold endurance.
Given these considerations, an optimum breath-holding space. Centric phase encoding is well suited to this task (8, (17) (18) (19) (20) . Using centric phase encoding, the patient is asked to begin a breath-hold just before the scan begins, while it is still easy to communicate. The patient is instructed to continue the breath-hold as long as possible or until the scan ends. When data acquisition begins. the center of k space is collected immediately. As time progresses, the more peripheral lines of k-space data are acquired. Whenever the patient begins breathing, maximum breath-hold duration and central position within k space are ensured. We have used the term "centric" to represent centric only in the slow phase-encode direction. Other more completely centric sequences, such as square spiral or elliptical spiral centric, can be devised and are even less sensitive to partial breath-holding artifacts (18) (19) (20) . The combination of partial breath-holding and centric phase encoding can be used with 3D Gd-MRA (Fig. 3) . If bolus timing is determined by using a test dose or by monitoring the aorta for arrival of the arterial phase, centric phase encoding simultaneously provides optimal arterial enhancement and optimal breath-holding strategy (21, 22) . This occurs because the peak arterial contrast, initiation of breath-holding, and center of k space all coincide. The main drawback of centric encoding in combination with 3D Gd-MRA is that it is prone to ringing type artifacts caused by rapid changes in intravascular Gd concentration during central k-space acquisition (22).
Another important consideration in evaluating image degradation is object size. As demonstrated in Figure 4 , modeled SNR for the smallest tube (6.25 mm) is generally less than that of the larger tubes and decreases sharply for breath-hold fractions less than 50%. This effect is also seen in Figure 3b , in which the tiny distal renal vessels are not optimally seen. This suggests that an approximately 50% breath-hold should stand as the minimum acceptable breath-hold fraction when high resolution is important (which it nearly always is). Of course, this determination will be left up to the individual radiologist based on the specific application and desired results. Using partial breath-holding in conjunction with Gd-MRA, in which it has been shown that the dynamic change in intra-arterial Gd concentration during data acquisition leads to decreased signal in small vessels, these two effects are additive (22). This must be considered as attempts are made to image smaller vessels using Gd-MRA.
Breath-holding is simple to implement, is effective, and adds no imaging time. Unfortunately, many patients are limited in their breath-holding abilities. Based on the data presented here, however, even incomplete breathholds have a significant capacity to decrease image blur and other respiratory artifacts, if the breath-hold occurs during central k-space acquisition and is of at least 50% duration. Although a full breath-hold is always preferred, this strategy, especially if combined with centric acquisition, allows one to push the patient's breath-holding abilities with only mild sacrifices in image quality if the patient cannot complete the entire breath-hold. As a final point, partial breath-holding has the potential to be used in conjunction with other respiratory artifact suppression techniques, such as respiratory gating, after breathing resumes.
